With rapid population growth and economic development, convenient public transport, and high pressure of people, the number of tourists is increasing. China has the biggest population in the world and this populace takes more than 2 billion domestic tourism trips every year[@b1]. Since tourist destinations experience frequent large influxes of people, the risk of emergencies in these areas should receive more attention.

In recent years, because tourists preferred natural resources, uncrowded areas, easy travel, and new places, cruise tourism has become more popular[@b2]. In 2009, more than 13.4 million passengers embarked on a cruise ship[@b3]. Long-term personal contact, complex population flows, a lack of medical care facilities, and defective infrastructure aboard most cruise ships is likely to result in the ship becoming an incubator for infectious diseases. Outbreaks of infectious diseases have been frequently reported aboard cruise liners. In May 2009, 1970 passengers and more than 730 crew members were infected with the pandemic (H1N1) virus or the influenza A (H3N2) virus[@b4] on cruise ships. Between February 25 and April 14, 2006, 14 rash illnesses were detected on a cruise from North America to the Caribbean[@b5]. In 2002, 29 outbreaks of acute gastroenteritis on cruise ships were reported by the Vessel Sanitation Program (VSP)[@b6]. Due to frequent outbreaks of infectious disease on board cruise ships, effective solutions to reduce the risk of epidemics are needed.

Most infectious diseases propagate via air-borne, water-borne, food-borne, vector-borne routes, as well as contact borne routes[@b7]. On a cruise ship, because of complex and frequent passenger movement, direct and indirect personal contact, the food-borne and water-borne infectious diseases that rely on contact transmission, should be given greater attention. For example, one ship's infirmary reported that 84 out of 2318 passengers had gastroenteritis symptoms during a 7-day cruise in November, 2002[@b8]. The norovirus, which causes more than 50 percent of the gastroenteritis cases, usually breaks out on board cruise ships[@b9][@b10]. Because of its prevalence, we have selected it to be used as the example in this paper. Research related to infectious diseases spread by contact transmission usually uses historical data mining methods[@b11], food sample analysis[@b12], investigation by qu**e**stionnaire[@b13], etc. Influencing factors such as sex, age, and whether the person is a crew-member or a passenger were considered. The change over time of the vertical patient distribution between decks and the number infected could be obtained[@b14]. All the research mentioned here mainly considers the influence of the nature of the virus and passenger behavior while usually ignoring other objective influencing factors of a cruise ship such as the inner structure, attributes of the contact surfaces, virus transfer between surfaces, and disinfection.

In this paper, we analyzed the impacts of different functional areas such as restrooms, aisles, seats, retail counters, restaurants, stair rails, and the handrails around the sightseeing deck, on norovirus gastroenteritis propagation. Taking into consideration personal behavior, the nature and transfer route of the virus across different surfaces, virus reproduction, disinfection by crews, and influences resulting from the different position of functional areas, we analyzed norovirus propagation on a cruise ship. From this analysis we provide some optimized suggestions focusing on functional area distribution, characteristics of contact surfaces, personal behavior, and disinfection on board to reduce the risk of norovirus infection.

Methods and Parameters
======================

Functional areas
----------------

A cruise ship typically has many functional areas such as restrooms, seats, restaurants, etc. Passengers will go to these areas and touch surfaces at different frequencies. In this paper, we considered 6 different functional areas and 8 types of contact surfaces. The 7 functional areas are seats, restrooms, retail counters, aisle, restaurant, stair rails, and handrails around the sightseeing deck. The 8 contact surfaces include the top surface of seats, the inner and outer doorknobs of restrooms, retail counters, handrails of stairs and the sightseeing deck, and surfaces of dining tables and chairs. All surfaces are divided into multiple grids of 0.4 m × 0.4 m. Every grid is regarded as an independent contact surface. [Figure 1](#f1){ref-type="fig"} shows the distribution of functional areas and contact surfaces. Among them, restrooms, seats and retail counters which are included in the passenger cabin are located in the main floor. There are 400 seats which are divided into 40 rows (10 seats per row). The main aisle is set to be down the middle of all the seats. There are 8 restrooms at the right side and 2 retail counters at the left side. Passengers can get to the restaurant via the right stairs and go to the sightseeing deck via the left stairs. The restaurant is on the lower floor. There are 18 tables and 144 chairs. The deck for sightseeing is on the top floor.

The 7 functional areas are introduced below:

Seats: on a short journey aboard a cruise ship, all passengers have a seat. Because of the nature of a ship's motion, passengers have to steady themselves by holding the top of the seats when they move from a branch aisle to the main aisle and on to other functional areas. Therefore, the top surfaces of seats are prone to be touched by passengers, especially those near the main aisle.

Restroom: norovirus easily appears in restrooms because infected passengers usually spread the virus accidentally. In this paper, a restroom is treated as the source of infection. Passengers might be unintentionally in contact with the norovirus from vomit or stools in the restroom. The restroom is the critical area for norovirus propagation on a cruise ship. There are many public facilities inside the restroom such as door handles, toilet seat, and washbasins. Passengers usually use these facilities in a regular sequence. In this paper, we regard all facilities inside a restroom as one facility which is represented by the inner door handle. For outside the restroom, the outer door handle is considered to be a contact surface.

Retail counter: the retail section is a necessary functional area on cruise ships[@b15] where passengers can buy food and drink. A retail counter is a public zone that is frequently touched by both passengers and staff. This implies that a retail counter is an important surface for virus reproduction and transmission. Under actual conditions, passengers go to the retail area during specific times.

Aisle: aisles exist everywhere on cruise ships. As shown in [Fig. 1](#f1){ref-type="fig"}, the main aisle runs between two columns of seats, and the branch aisle is sandwiched between each row of seats. Due to frequent passenger traffic in the main aisle, the seats near the main aisle are frequently touched, and we should pay attention to this area.

Stairs: on a cruise ship, different functional areas are often connected by stairs. In [Fig. 1](#f1){ref-type="fig"}, the stairs on the left lead to the sightseeing deck, and the stairs on the right go to the restaurant. Stairs located on the deck and in the restaurant lead to the main floor. In this paper, six grids are used for each stair area, the total number of stair grids is 48 (6 × 8).

Restaurant: passengers frequently eat meals in the restaurant during meal times. [Figure 1](#f1){ref-type="fig"} shows 18 dining tables in the restaurant, with 8 chairs allocated to each table. We divide a table into four grids with a chair regarded as one grid. There are therefore 216 contact surfaces in the restaurant through which to spread the virus.

Sightseeing deck: passengers usually enjoy the scenery on the sightseeing deck. Handrails surround the deck for safety. As shown in [Fig. 1](#f1){ref-type="fig"}, 58 grids make up the long side and 23 grids the short side.

There is a total of 844 grids (independent contact surfaces) in the study area (400 for seats, 2 for retail counters, 8 for inner doorknobs of restrooms, 8 for outer doorknobs of restrooms, 48 for stair handrail, 72 for dining tables, 144 for dining chairs, and 162 for the handrail of the sightseeing deck).

Passenger behavior
------------------

Passenger behavior directly affects the distribution and transmission of a virus on board cruise ships. In this paper we define passenger behavior in different functional areas including using the toilet, eating, sightseeing, and buying. As shown in [Fig. 2](#f2){ref-type="fig"}, different surfaces are touched as passengers move to different functional areas.

Passengers & seats: the majority of tourists travel in groups. An investigation of the tourism market from one Chinese city showed that touring with a family accounted for 54 percent of all tourists while touring with friends accounted for 31 percent[@b16]. The remaining 15% travel alone. On a cruise ship, passengers who are in the same group will be located in adjacent seats. Because of the motion of a big cruise ship on the seas, passengers often have to hold onto seats near the branch aisle when they move from their seat to the main aisle. They then hold the seats near the main aisle when they go to other functional areas and again on their return. In our simulation we have 2 hypotheses:

H~1~. Because practical difficulties of contact monitoring of passengers on cruise ship[@b17], the probability of passengers holding onto seats when they are moving is assumed to be 100%.

H~2~. Three members are regarded as a family group and 2 to 4 members as a group of friends.

Passengers & restrooms: restroom is a critical place for passengers not only in virus infection, but also in virus disinfection. Handwashing is one of the most efficient ways to remove the norovirus on the hand[@b18][@b19]. When passengers want to use the restroom, they will choose the nearest vacant one (they will have to wait if all restrooms are occupied). On entering the toilet, passengers will touch the outer door handle and close the door by rotating the inner door handle. On exiting, some passengers will wash their hands, and some will not. Finally, passengers will return to their seats following the same procedures they did on the way to the restroom. The World Toilet Organization showed that people go to toilet 6 to 8 times per day (<http://worldtoilet.org/>). The probability of a passenger going to the restroom is therefore considered to be 1/160 every minute. According to the statistical data from different scenarios, the probability of a person washing their hands is anything between 70 and 90 percent[@b20][@b21][@b22]. For our purposes we set the probability of hand washing at 80 percent (the average value). Moreover, the efficacy of hand washing (percentage of the virus killed) is set to 72.5 percent based on hand washing experiments using common soap[@b23]. In this part, 3 hypotheses should be followed:

H~3~. One out of every seven passengers who visits the restroom will have a bowel movement.

H~4~. Defecation time is randomly distributed between 8 and 12 minutes, and urination duration is set to be 2 minutes.

Passengers & retail: the procedure followed by passengers going to a retail area is very similar to that of going to the restroom. There are 2 hypotheses for this activity:

H~5~. The probability of passengers going to a retail point per minute is set to 1/180.

H~6~. The time that passengers stay at the retail point is set to be 1 minute.

Passengers & restaurants: in a restaurant, passengers in the same group will eat at the same time[@b24]. They will choose a table which has the most vacant chairs. Otherwise, they will wait for an appropriate table. There are 2 hypotheses for this scenario:

H~7~. Because the majority of restaurants on a cruise ship sell fast food, the time taken by passengers to have a meal is assumed to be 25 minutes.

H~8~. According to the data set in general simulation, lunch time is usually set from 11 a.m. to 1 p.m.[@b25]. In this study, Initial time is 8 a.m., therefore, all passengers can get to a restaurant and have a meal taking 180 to 300 minutes.

Passengers & sightseeing deck: big cruise ships always have a big sightseeing deck. Passengers who want to enjoy the scenery can reach this deck via some stairs. In this study we assume the sightseeing deck is rectangular and obey these three hypotheses:

H~9~. The average frequency for passengers going to the sightseeing deck is once per 2 hours, and the probability of tourists going to the deck is 1/120 times per minute.

H~10~. Passengers will enjoy the scenery in all four directions and they will touch the four contact surfaces from four different sides.

H~11~. They will remain on deck for 12 minutes (3 minutes per side).

In this study, some value of parameters we mentioned above came from the references and other value we hypothesized from H~1~ to H~11~. Based all the hypotheses, the results can only reflect the norovirus propagation in the cruise ship whose structure is the same with setting in our study.

Virus
-----

### Virus transfer between the different contact surfaces

In this paper we have used norovirus gastroenteritis as an example to simulate and analyze infectious disease propagation through contact[@b26]. Since this study focuses on contact infection, the transfer rate between different surfaces is a very important parameter. Two identical surfaces should carry the same volume of virus if they experience sufficient contact. However, the transfer rate between different surfaces is influenced by many factors such as the surface chemistry, roughness, and topology[@b27]. There are many different surface materials on a cruise ship, such as skin (hand), stainless (door handle, handrail), wood or plastic (dining table and chair), leather or cloth (surface of seats). Because there are so many influencing factors, it is difficult to determine the virus transfer rate between the different surfaces. In this paper, we use the following hypothesis as the virus transfer rate:

H~12~. Because contact duration is limited we assume a virus transfer rate of 0.1. In other words, 10 percent of the virus will be transferred from the higher-density surface to the lower-density surface (as shown in [Equation 1](#eq1){ref-type="disp-formula"}).

where H~final~, H~ini~, L~final~, and L~ini~ represent the final and initial colony of virus on the surfaces with higher and lower virus densities, respectively. α denotes the virus transfer rate among different surfaces (α = 0.1 is used in this study).

Reproduction
------------

Virus not only can transfer among different surfaces but also reproduce on the same surface following the reproduction of cells they board. Because the nature of Escherichia coli is similar to the host cell of norovirus, we used Escherichia coli as a substitute to study the reproduction. Research has shown that after 1459 minutes, a colony of Escherichia coli can increase from 10^4^ to 10^8^ under 1 atmosphere of pressure at 20 °C. When the temperature rises to 30 °C, after 490 minutes, the colony of Escherichia coli can increase from 10^5^ to 10^9^ [@b28]. In this study, standard conditions (1 atmosphere pressure & 25 °C) are used. According to the experiments, the reproduction rate of Escherichia coli was monotonically increasing with a temperature increase from 20 to 30 °C, and accords with Eq. 2 [@b29] (In this study, the environmental impacts on virus reproduction is ignored).

where R(20), R(25), and R(30) expresses the virus reproduction rate at a temperature of 20, 25 and 30 degrees respectively.

Combining the two previous studies mentioned above, the virus reproduction rate under standard conditions could be calculated using [Eq. 3](#eq3){ref-type="disp-formula"}.

Virus infection
---------------

The norovirus is very infectious, usually entering the body with food or water. According to previous research, people may be infected if they ingest more than 100 norovirus microorganisms[@b30]. For this study we conservatively hypothesize that passengers will get infected if they ingest more than 1000 norovirus microorganisms. For patients who have gastroenteritis, additional virus might be produced from vomit or stools when they are using the toilet in the restroom. Therefore, in the simulation, we assume twice the number of virus microorganisms are produced after a patient has used the toilet.

At the beginning of the simulation, we assume one person is infected with the norovirus. After going to the toilet, we assume that this person's hand is unintentionally tainted with 3000 virus microorganisms. This time is set to be the initial time from which the norovirus started to spread on board the cruise ship.

Disinfection
------------

In addition to the functional areas, personal behavior, and reproduction and transmission of the virus, we also studied the impact of disinfection on virus propagation. Disinfection is a critical method of controlling or even preventing contact infection. Thorough disinfection of restroom facilities such as toilet seats, flush buttons, and door handles is very important in the prevention of infectious disease propagation on board cruise ships[@b31]. Due to the difficulty of disinfecting all dining chairs and top surfaces of seats that are far away from the main aisle, we simplified the disinfection of each functional area as described below. The surfaces requiring disinfection include the inner and outer door handles of restrooms, the top surfaces of seats near the main aisle, dining tables, handrails of stairs, handrails on the sightseeing deck, and retail counters. Crews on cruise ships periodically disinfect these surfaces. In the simulation, the disinfection efficiency was assumed to be 72.5%, which is the same as for hand washing.

In order to analyze virus propagation under different conditions, we assume standard values to act as the control group. Considering all the influencing factors mentioned above, the value of each factor in the control group is shown in [Table 1](#t1){ref-type="table"}.

Results
=======

Virus propagation on a cruise ship under control conditions
-----------------------------------------------------------

[Figure 3](#f3){ref-type="fig"} shows the norovirus propagation on a cruise ship for the control conditions given in [Table 1](#t1){ref-type="table"}. The simulation time is set to 480 minutes (8 hours). [Figure 3(A)](#f3){ref-type="fig"} shows the infection rate of norovirus in the cruise ship with all 400 passengers. We found that passengers on the right with seats near the restroom have a lower infection rate than passengers on the left. Because the probability and efficiency of hand washing is high (80 percent and 72.5 percent, respectively), restrooms are regarded as disinfection zones. The majority of passengers leaving the restroom are very clean (carrying a low volume of virus). After leaving the restroom, when these passengers touch other surfaces, the virus will transfer from these surfaces to their hands. Passengers who are situated closer to the restroom have a lower volume of virus. Retail counters and the stairs up to the sightseeing deck are located on the left of the main floor. These functional areas are far from the restroom and so the virus cannot be diluted easily. Therefore, the distribution of passengers getting infected accords with the characteristics of 'the left is higher than the right'. As the incubation period of the acute gastroenteritis caused by norovirus is 12--48 hours[@b32], these infected passengers would be found after 1 or 2 days. In this condition, 2.3 percent of passengers will get infected after 8 hours. Some actual situation of short-term norovirus propagation shows that the infection rate of passengers is generally not more than 5%. For example, on the cruise ship from Florida to Caribbean in 2002, 70 (4%) passengers and two (0.2%) crew members reported acute gastroenteritis (AGE) within 24 hours of embarkation[@b32]. On the cruise ship from Vancouver, Canada to Alaska coast in 2004, 1.24% and 4.21% (25 and 85 out of 2018 passengers) of passengers got gastrointestinal illness in the 2^nd^ and 3^rd^ day, respectively[@b33]. All these actual data reflect the reliability of the results from our simulation.

[Figure 3(B)](#f3){ref-type="fig"} shows the virus distribution in the main floor. On the right, the seats near the main aisle and the restroom have low-density virus, while the seats near the wall have a high volume of the virus. On the left, the seats near the main aisle and the wall have a low volume of virus, and the left three middle seats carry a high volume of virus. Because all moving passengers will touch the seats near the main aisle, the volume of virus on these seats will be reduced. With the disinfection of the restrooms, the virus distribution is shown in [Fig. 3(B)](#f3){ref-type="fig"}. In addition, the volume of virus on the outer door handles of the restroom is higher than it is on the inner door handles. Handrails of stairs to the sightseeing deck have a higher virus density than the handrails of the stairs to the restaurant.

[Figure 3(C)](#f3){ref-type="fig"} shows the virus distribution on the sightseeing deck and in the restaurant. The restaurant had no virus microorganisms at the start of the simulation. At meal times, passengers are viewed as infection sources. The probability of passengers touching the dining tables is much higher than the probability of touching the dining chairs, so the volume of virus on the tables is higher than it is on the chairs. On the sightseeing deck, passengers enjoy the scenery in four directions. The left and right handrails are shorter than the top and bottom handrails, and the dilution of the long handrail is greater than the short handrail. Therefore, the average volume of virus on the top and bottom handrails in the diagram is lower than it is for the left and right handrails. Moreover, the sightseeing deck has more virus microorganisms than the restaurant. The reason is that passengers only go to the restaurant once within the 8 hour period, so the virus cannot be sufficiently spread.

In general, comparing [Fig. 3(B) and (C)](#f3){ref-type="fig"}, the seats and the sightseeing deck are the areas with the highest risk for virus propagation.

Impact of the environmental setting on virus propagation
--------------------------------------------------------

[Figure 4](#f4){ref-type="fig"} shows the virus distribution on the outer door handles of all the available restrooms, together with the frequency at which they are used. There are 16 restrooms whose sequence is numbered according with their distance from the main aisle (NO. 1 is the nearest restroom while NO. 16 is the furthest one). The restrooms experiencing the most traffic also have the highest increase in the volume of the virus. The restrooms furthest from the main aisle have low volumes of the virus because of infrequent use. Although the restrooms near the main aisle are frequently used, more passengers will dilute the virus. From the simulation data we can see that the restrooms used between 20 and 30 times have the highest risk. Crews on cruise ships could disinfect the restrooms after they have been used a certain number of times, to maximize disinfection efficacy.

[Figure 5](#f5){ref-type="fig"} shows the percentages of infected passengers according to the position of their seats. When the seat distribution changes from '40 × 10' to '20 × 20', the percentage of infected passengers will increase. For the 40 × 10 configuration, a passenger will touch other seats 21.9 times on average when going to the restroom. This is higher than the 20 × 20 configuration (13.5 times). Decreasing the contact time with seats means that less virus is transferred to the seats and therefore more virus remains on the passengers. Therefore, when the seat distribution changes from '40 × (5 + 5)' to '40 × (3 + 4 + 3)', the percentage of infected passengers will also increase because of the lower contact times. In the four conditions mentioned above, when the seat distribution is '40 × (5 + 5)', average 38.9 passengers will be norovirus-positive after 8 hours exposure. And approaching 65.8 passengers will be norovirus-positive when the seat distribution is changed to '20 × (5 + 10 + 5)'.

Virus propagation under different hand washing conditions
---------------------------------------------------------

[Figure 6](#f6){ref-type="fig"} shows the norovirus propagation on the cruise ship for different probabilities and efficiencies of hand washing. The bar with different colors represents different numbers of the virus. The total number of viruses dramatically decreases with the increasing probability (P) and efficiency (E) of hand washing. When P and E increased from 30 percent to 60 percent, the virus distribution on seats is seen to be totally different. In addition, when P = E = 0, the virus concentrated on the right seats and the seats near the main aisle. But when P = E = 0.9, the virus concentrated on the left seats and the seats far from the main aisle. If we compare [Fig. 6(B) and (C)](#f6){ref-type="fig"}, we can see that with increasing P and E, the impact of going to the toilet is changed from negative to positive. In [Fig. 6(B)](#f6){ref-type="fig"} where door handles are carrying a large number of viruses, it can be seen that the number of viruses on the outer doorknobs is higher than on the inner doorknobs. On the contrary, in [Fig. 6(C)](#f6){ref-type="fig"} the door handles are blue which means they have a low volume of virus. The volume of virus on the inner door handles is even lower. Therefore, the turning point of impact on virus distribution caused by P and E is between 0.3 and 0.6. When P and E increased from 0.6 to 0.9, virus is more concentrated near the wall. At the moment, restrooms appear to repulse viruses.

Comparing the virus distribution on stair railings on cruise ship, the volume of virus on stair railings to the sightseeing deck is always higher than it is on stair railings to the restaurant because the restaurant is visited less frequently. In the restaurant, the relative volume of the virus on dining tables increases with rising P and E. Restrooms have a strong disinfection effect when P and E are high. The volume of the virus on the main floor is reduced, so the relative volume of the virus in the restaurant increased. However, in all situations, since they have a low contact frequency, dining chairs are the only area that always has the lowest volume of virus. The relative volume of the virus on the sightseeing deck increases with increasing P and E.

[Figure 7](#f7){ref-type="fig"} quantifies the relationship between the percentage of infected passengers and hand washing. The percentage of infected passengers decreases with a logistic curve as P and E gradually increase. P and E have little influence on the impact on the percentage of infected passengers when P and E are very low or very high. In the middle of the curve, the impact of P and E is strong. When E = P = 0.8, 1.37 percent of passengers will get infected, which means about 5.5 passengers will change to norovirus-positive from negative. More than 78 percent of passengers will be infected when E = P = 0.5. Through quantitative analysis we show that the sensitive range of P and E is between 0.3 and 0.7. Therefore, controlling P and E to be greater than 0.7 is very critical in the prevention of severe infection.

Virus propagation with different transfer rates between surfaces
----------------------------------------------------------------

[Figure 8](#f8){ref-type="fig"} shows the virus distribution with different transfer rates (R~T~) between surfaces. With an increasing transfer rate, the area with high-density virus moves to the right. When R~T~ = 0.1, the volume of virus on the seats near the main aisle gradually decreases from left to right. But when R~T~ = 0.4, the middle seats closer to the main aisle have the most virus. Moreover, with increasing R~T~, the concentricity of virus distribution becomes more obvious. As shown in [Fig. 8(D)](#f8){ref-type="fig"}, the high-risk areas are close to the wall and close to the restrooms, other than presented in [Fig. 8(A)](#f8){ref-type="fig"}. Restrooms are regarded as virus sources during the early stages, but later become disinfection sources because of the high probabilities and efficiencies of hand washing. When the transfer rate is low, because 'clean passengers' leaving the restrooms make it difficult to dilute the virus near the restroom, the impact of the restroom on virus distribution is small. If the transfer rate is high, this impact is greater. Combining dilution by retail counters, stair handrails and the sightseeing deck railing, the virus distribution accords with the distribution shown in [Fig. 8(D)](#f8){ref-type="fig"}. In reality, the transfer rate is determined by many factors such as the material of the surfaces and personal behavior (contact duration). After confirming the transfer rate, the areas with the highest risk could be predicted. Combined with disinfecting the high-risk areas, the infection rate could be effectively reduced.

[Figure 9](#f9){ref-type="fig"} quantitatively analyzed the relationship between the infection rate and the transfer rate. Obviously, when R~T~ is less than 0.2, the percentage of infected passengers dramatically decreases with increasing transfer rate. If R~T~ is too low, the high volume of virus carried by some passengers is difficult to dilute via surface contact. However, looking at the red square in [Fig. 9](#f9){ref-type="fig"}, we can see that the infection rate increases slightly with increasing R~T~ when R~T~ is greater than 0.25. For this value of R~T~ the disinfection effect of restrooms is small, and passengers will be rapidly contaminated by the virus from other surfaces. From these results we infer that controlling the transfer rate can effectively prevent passengers from being infected. For example, in this case, the infection risk will reach a minimum when the transfer rate is equal to 0.25. At this time, the infection rate reached to 0.0058, and about 2.32 passengers would be norovirus-positive. When transfer rate reduce to 0.10 from 0.25, the number of norovirus-positive passengers will increase to 8.84.

Virus propagation with disinfection
-----------------------------------

[Figure 10](#f10){ref-type="fig"} shows the virus propagation for different disinfection frequencies (once per hour; once every 2 hours; once every 4 hours; never). The total number of virus microorganisms increases with decreasing disinfection frequency. Because of the distance from the virus source, the relative number of virus microorganisms is low in the restaurant and on the sightseeing deck. When the disinfection frequency is once every four hours, the average virus number on every surface in these two functional areas is less than 200. If we compare this with the condition where there is no disinfection ([Fig. 10(D)](#f10){ref-type="fig"}), the total virus number is obviously reduced with disinfection. Dining chairs are difficult to clean, but from [Fig. 10](#f10){ref-type="fig"}, we see that dining chairs always have a low volume of virus whether there is disinfection or not. The main reasons for this are short contact times and the long distance from the virus sources. In contrast to dining chairs, handrails of stairs, handrails on the sightseeing deck, and dining tables have higher contact frequency. For these surfaces, the total virus number could be effectively reduced by regular disinfection.

On the main floor, the functional areas including restrooms, retail counters, and the stairs to the restaurants and the sightseeing deck are disinfected. Because many disinfected surfaces can dilute the virus, when the disinfection frequency is high, the virus is distributed uniformly on the seats that are nonadjacent to the main aisle. As shown in [Fig. 10(D)](#f10){ref-type="fig"}, under the condition of no disinfection, virus distribution is V-shaped. The total virus number and the characteristics of the virus distribution can be influenced by regular disinfection. In reality, depending on the nature of the virus, a minimal disinfection frequency could be calculated that would contain the risk.

[Figure 11](#f11){ref-type="fig"} quantifies the impact of disinfection frequency on the percentage of infected passengers. The percentage of infected passengers gradually increases with a decreasing disinfection frequency. When I~D~ = 1, the infection rate reached 0.0048, on overage, 1.93 passengers would be norovirus-positive after 8 hours journey on the cruise ship. While I~D~ = 8, the infection rate will increase to 0.023. In [Fig. 11](#f11){ref-type="fig"}, the point when I~D~ = 4 hours is the inflection point. When the interval between disinfections is greater than the inflection point, the efficiency in reducing the number of infected passengers is reduced. On the other hand, efficiency is higher when the interval is shorter than that at the inflection point. From this study, taking into account the layout of the cruise ship and the virus propagation simulation for different disinfection frequencies, some suggestions can be made regarding infectious disease prevention.

We considered 7 areas for disinfection as described in [Fig. 12](#f12){ref-type="fig"}. The yellow bar in [Fig. 12](#f12){ref-type="fig"} shows the relationship between the percentage of infected passengers and disinfection of the different surfaces. Disinfection of the seats near the main aisle has the strongest effect on reducing infection. Disinfection on the sightseeing deck and the handrails to the deck ranked second. Disinfection of retail counters, the inner and outer door handles of restrooms, and the handrail to the restaurant was not that useful. In order to clarify the sensitivity of surface disinfection to infection, the total number of virus microorganisms (purple line) and the total contact time (green line) of each functional area are shown in [Fig. 12](#f12){ref-type="fig"}. In this paper, high sensitivity is defined as being when disinfection of a surface is very helpful in reducing the infection rate, while low sensitivity means that disinfection makes no difference. In [Fig. 12](#f12){ref-type="fig"}, as the sensitivity decreases, the total virus number and the contact time shows a decreasing trend. For example, the sensitivities of retail counters and door handles of restrooms are the lowest, and the total virus number and contact times of these are also the lowest. However, the relationship between sensitivity and these two factors is not monotonous. For example, the total virus number is large but the contact times are short for the handrails on the sightseeing deck. Therefore, we use the product of the total virus number and contact times to balance the sensitivity of disinfection surfaces (in order to fit the right Y-axis, we use the parameter R (red line) which equals the product divided by 10^5^ to reflect both total virus number and contact times). With a decreasing sensitivity, R is monotonously decreasing. Therefore, the disinfection effect of surfaces of the different functional areas is related to the product of total virus number and contact times. We should therefore prioritize the disinfection of the surfaces with a high R-value. In this study, the seats near the main aisle and the handrails on the sightseeing deck should be given the most attention.

Limitations
===========

There are also some limitations of this study. Our study focuses in the computer modelling of the probability of contamination through personal contacts so as to identify potential methods to control infection in actual context (without laboratory support) by the frontline workers (e.g. cruise ship workers) to avoid outbreak. Meanwhile, we will explore the importance of how the use of laboratory investigations (and their indicators) might further support infection control in future studies. In addition, limited passenger's movement regulation and influencing factors in this study are also constrained to develop effective norovirus propagation measures in cruise ship. The total number on the cruise ship is 400 and simulation time is 8 hours. The results are only suitable for the norovirus propagation in this scale. In addition, all hypotheses from H~1~ to H~11~ are given in the section of passenger behaviors and the results could be referred in these conditions. Based on the computational simulation, the results can partially reflected the conclusion on relationship among norovirus infection and other influencing factors.

Conclusion
==========

This study focuses on the potential transmission dynamics of contact based infectious diseases. For future investigation, similar models should be built to examine air-borne, food borne as well as vector-borne diseases. In addition, to ensure effective infection control in public locations, other important public health measures such as public risk communication and education of the use of face masks, hand hygiene, proper food safety and sanitation maintenance would be important. Future studies should include how these important dynamics might affect infection control in various settings.

In this paper, using norovirus gastroenteritis as an example, we study the contact infection of an infectious disease on a cruise ship. We considered six functional areas: seats; restrooms; retail counters; stair handrails; restaurant; and sightseeing deck railings, as well as eight contact surfaces. Combining the influencing factors of personal behavior, virus transfer between surfaces, virus reproduction, passenger infection, and disinfection, we simulated infectious disease propagation on a cruise ship.

In the control group, passengers far away from the restrooms have a higher infection rate than those near the restrooms. In this case, virus distribution across the seating area is in the shape of a V, with the seats nearer the main aisle being cleaner than those further away. The volume of virus microorganisms in the restaurant is low because of infrequent contact, and dining chairs are cleaner than dining tables. There are more viruses on the sightseeing deck, with the average number of viruses on the shorter handrails being higher than found on the longer handrails.

The probability and efficiency of hand washing is the most important factor in determining the number and distribution of the virus. On the main floor, the left side is cleaner than the right side and the seats nearer the main aisle have more viruses. With an increasing probability and efficiency of hand washing, the distribution of the virus changes, and volume of virus microorganisms in the aisle and on the right side decreases. Through quantitative analysis we find that the percentage of infected passengers decreases rapidly when the probability and efficiency of hand washing increases from 0.3 to 0.7. Therefore, keeping the probability and efficiency of hand washing over 70 percent is very important to prevent infection.

The virus transfer rate between surfaces decides the distribution and concentration of the virus. High transfer rate led to high concentricity. With a low transfer rate, virus distribution was shaped like a V, and the number of virus microorganisms in the high-density areas was greater than 900 per grid. When the transfer rate rose to 0.4, the viruses were densely distributed near the restrooms and on the walls. The number of virus microorganisms in the high-density areas was approximately 500 per grid. Through quantitative analysis we found that the infection rate was lowest when the transfer rate was 0.25. If contact surfaces of the densely populated areas on board ship were designed to reduce roughness and control relative factors to keep the transfer rate at 0.25, this would help prevent virus propagation and reduce the infection rate.

Through simulation we can see that regular disinfection of seats near the main aisle, door handles of the restrooms, handrails of stairs and on the sightseeing deck can effectively reduce the total number of virus microorganisms. The average number of virus microorganisms per grid on the sightseeing deck and in the restaurant is around 100 when the disinfection frequency is once every 2 hours. When the disinfection frequency increased to once per hour, the grid with the highest risk had only 600 virus microorganisms. Comparing this with the condition where there is no disinfection (majority of seats have 800 virus microorganisms), the total number of virus microorganisms is dramatically reduced. Based on quantitative analysis, a disinfection frequency of once every 4 hours is an inflection point. Continuing to increase the disinfection frequency will reduce the efficiency of its impact on infection prevention. Finally, we found that disinfecting the surfaces with the highest total virus number and longest contact times is more useful in reducing the percentage of infected passengers.

All obtained results can provide some scientific basis for contact infection of infectious diseases in densely-populated places. The results also provide the basis for suggestions on how to control and prevent infectious disease.
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![Norovirus propagation on the cruise ship under control conditions over a period of 480 minutes (8 hours).\
(**A**) Infection rate of passengers; (**B**) Norovirus distribution in the main floor; (**C**) Norovirus distribution in the restaurant and on the sightseeing deck.](srep38790-f3){#f3}

![Virus distribution on outer door handles of restrooms with different usage frequencies.](srep38790-f4){#f4}

![Percentage of infected passengers with different seat distributions.](srep38790-f5){#f5}

![Norovirus propagation on a cruise ship for different probabilities (P) and efficiencies (E) of hand washing (Simulation time: 480 minutes).\
(**A**) P = E = 0; (**B**) P = E = 30%; (**C**) P = E = 60%; (**D**) P = E = 90%.](srep38790-f6){#f6}

![Relationship between percentage of infected passengers and hand washing.](srep38790-f7){#f7}

![Norovirus propagation on the cruise ship under different transfer rates (RT) between surfaces (Simulation time: 480 minutes).\
(**A**) RT = 0.1; (**B**) RT = 0.2; (**C**) RT = 0.3; (**D**) RT = 0.4.](srep38790-f8){#f8}

![Quantitative analysis of the relationship between the percentage of infected passengers and the transfer rate between surfaces.](srep38790-f9){#f9}

![Norovirus propagation on the cruise ship under different intervals of disinfection (ID) (Simulation time: 480 minutes).\
(**A**) ID = 1 hour; (**B**) ID = 2 hours; (**C**) ID = 4 hours; (**D**) Never.](srep38790-f10){#f10}

![Relationship between the percentage of infected passengers and the interval of disinfection.](srep38790-f11){#f11}

![Relationship among percentage of infected passengers, total number of virus and total contact times based on the sensitivity analysis of disinfection of different surfaces.\
(SNA: seat near the aisle; DS: sightseeing deck; HSDS: handrail of stairs to the sightseeing deck; DT: dining table; HSR: handrail of stairs to the restaurant; DR: doorknob of restroom; RC: Retail counter).](srep38790-f12){#f12}

###### The value of each factor in the control group.

  Parameter                                                  Value   Parameter                                                                 Value
  --------------------------------------------------------- -------- ------------------------------------------------------------------------ --------
  Probability of hand washing                                 80%    Probability of using the toilet per minute                                1/160
  Efficiency of hand washing                                 72.5%   Probability of going to retail per minute                                 1/180
  Time of staying at retail counter                          1 min   Virus reproduction rate per minute                                        1.0138
  Time for having a meal                                     25 min  Time of staying at the sightseeing deck                                   12 min
  Initial number of virus microorganisms                      3000   Number of virus microorganisms leading to infection                        1000
  Probability of going to restaurant per minute               1/80   Virus transfer rate from high-density surfaces to low-density surfaces     10%
  Probability of going to the sightseeing deck per minute    1/120   Probability of passengers holding the seats when they move                 100%
